1. Introduction {#sec1}
===============

Considerable attention has been focused on the effects of the electromagnetic field (EMF) due to its wide-ranging use in everyday life. Wertheimer and Leeper \[[@B1]\] showed a possible relationship between electrical power lines and childhood cancer. Other studies have been carried out to investigate the biological effects of extremely low-frequency electromagnetic fields (ELF-EMFs). However, the results obtained are contradictory, and a comparison between them is difficult, because of the many differences in exposure parameters (periodicity of the exposure, flux intensity, and endpoint are investigated) \[[@B2]\].

Nevertheless, there is an increase in the number of studies detecting the genotoxic effects upon exposure to ELF-MF. Lai and Singh \[[@B3], [@B4]\] and Svedenstål and coworkers \[[@B5], [@B6]\] have reported that whole body exposure to power frequency of 10, 100, and 500 *μ*T MF can result in DNA single- and double-strand breaks (DSBs) in the brains of rodents. Such DNA double-strand breaks are considered as the most potent form of DNA damage which can induce genomic instability. Unrepaired DSBs cause cell cycle arrest and apoptosis. Moreover, insufficient or incorrect repair of DSBs can lead to carcinogenesis due to translocations, inversions, or deletions. Other studies conducted on mouse m5S cells and human cells detected a significant dose-dependent increase of chromatid-type chromosomal aberrations at 5, 50, and 400 mT \[[@B7]\]. Also Pasquini et al. \[[@B8]\] observed an increased frequency of micronuclei in Jurkat cells exposed for 24 h to 50 Hz and 5 mT magnetic field.

Ager and Radul \[[@B9]\] studied the effects of ELF-MF on mitotic recombination in *Saccharomyce scerevisiae* and found no effect. Antonopoulos et al. \[[@B10]\] found that incubation of peripheral blood culture upon exposure to an electromagnetic field (EMF, 50 Hz, and 5 mT) leads to stimulation of cell proliferation in lymphocytes but has no influence on the frequencies sister chromatid exchange.

Exposure to magneticfield (MF) induced changes in the activity of some enzymes involved in the antioxidant system, and the formed damages are due to an imbalance between the activities of an oxidant agent and the antioxidant system within the cell. Although oxygen is required for many important aerobic cellular reactions, it may undergo electron transfer reactions, which generate highly reactive membrane-toxic intermediates such as superoxide, hydrogen peroxide, or hydroxyl radical. The observed cytotoxicity is related to reactive oxygen species (ROS), hydrogen peroxide (H~2~O~2~), and hydroxyl radical which are produced by various factors. These reactive species cause oxidative damage to cell membrane, increase in oxygen radical\'s production, and permit leakage of enzymes leading to organ damage \[[@B11], [@B12]\].

Living cells have evolved numerous defense mechanisms to neutralize the harmful effects of free radicals \[[@B13], [@B14]\]. The antioxidant defense system includes enzymes such as superoxide dismutase (SOD) and other scavengers such as glutathione (GSH). Di Loreto et al. \[[@B15]\] investigated the effects of exposures to two different 50 Hz sinusoidal ELF-MFs intensities (0.1 and 1 mT) in maturing rat cortical neurons\' major antioxidative enzymatic and nonenzymatic cellular protection systems, membrane peroxidative damage, as well as growth factor, and cytokine expression pattern. The results showed that ELF-MFs affected positively the cell viability and concomitantly reduced the levels of apoptotic death in rat neuronal primary cultures, with no significant effects on the main antioxidative defenses.

Therefore, the present study was designed to evaluate the effect of continuous exposure to 50 Hz and 0.5 mT MF on the brain and bone marrow of newborn rats by measuring some parameters indicative of oxidative stress (lipid peroxidation MDA, superoxide dismutase SOD, and glutathione GSH) and on oxidative DNA damage that subsequently cause injure in the brain and bone marrow cells.

2. Materials and Methods {#sec2}
========================

2.1. Animals {#sec2.1}
------------

Animals were housed and maintained according to guidelines for the Care and Use of Laboratory Animals 1996 \[[@B16]\] and approved by the Animal Ethics Committee at Cairo University. Briefly, timed pregnant Wistar rats were purchased from the National Center of Researches in Egypt and gave birth at the animal house of Cairo University. They were maintained for one week in the laboratory for adaptation. Adult female rats with their newborn were housed in plastic cages with free access to water and standard chow diet. They were also maintained in a controlled environment (humidity 50%  ± 5 and temperature 25°C) with 12 h light cycle. All animal groups were housed in clean first hand cages under standard condition in a separate laboratory which belongs to animal care unit.

2.2. Magnetic Field Exposure {#sec2.2}
----------------------------

The exposure was performed using a magnet with a fixed magnetic field value of 0.5 mT  ±  0.025. The magnetic field was generated by a solenoid carrying current of 18 ampere at 50 Hz from the main supply (220--230 Volt) via a variac (made in Yugoslavia). The magnet consisted of a coil with 320 turns made of electrically insulated 0.8 mm copper wire. The coil was wounded around a copper cylinder of 2 mm thickness, 40 cm diameter, and 40 cm length. The cylinder wall was earthed to eliminate the electric field ([Figure 1](#fig1){ref-type="fig"}). The magnetic field was measured at different locations to find out the most homogenous zone inside the solenoid core. This was done using Gauss/Tesla meter with probe T-4048 manufactured by Bell Technologies Inc. (Orlando, FL, USA).

Plastic cages (40 × 25 × 20 cm), containing 7 adult female rats and their newborns (*n* = 60), were placed in the middle of the exposure chamber prior to MF exposure. When the newborns reached 10 days of age, they were randomly divided into two groups of 30 each: one control (sham) and one exposed. The latter group has been exposed to 50 Hz, 0.5 mT ± 0.025 MF for 30 days 24 h per day. The control group was treated like the exposed group with the sole difference that it was not exposed to magnetic field. The two groups were treated equally considering light and food. The temperature and humidity were monitored continuously throughout the experimental period. This ensures that the control and the exposed animals were maintained in the same condition. During the experimental period, cleaning and changing water and food were done to all animals two times daily. The field was switched off during cleaning the cages.

After 30 days of exposure, the two groups of newborn rats were sacrificed by decapitation. Ten newborn rats from each group were used for micronucleus test, comet assay, and histopathological examination. Another 10 newborn rats were used for mitotic index determination and lastly 10 newborn rats were maintained for oxidative stress evaluation.

2.3. Biochemical Estimation {#sec2.3}
---------------------------

Ten newborn rats from both control and exposed groups were sacrificed by decapitation, and the brains were dissected and prepared for biochemical analyses. Superoxide dismutase (SOD) assay relies on the ability of the enzyme to inhibit the phenazine methosulphate-mediated reduction of nitroblue tetrazolium dye and measured at 560 nm \[[@B17]\]. Glutathione (GSH) assay is based on the reduction of 2-nitrobenzoic acid with glutathione to produce a yellow compound measured at 405 nm \[[@B18]\]. Lipid peroxidation was measured by estimating the amount of malondialdehyde (MDA) according to Uchiyama and Mihara \[[@B19]\], and the assay depends on the colorimetric reaction of MDA with thiobarbituric acid giving a pink complex that can be measured at 532 nm.

2.4. Histopathological Examination {#sec2.4}
----------------------------------

The brains of newborn rats from control and exposed groups were dissected, removed, and fixed in 10% neutral formalin. Then, they were embedded in paraffin blocks, sectioned and stained with hematoxylin and eosin (H&E).

All brain tissue sections were examined using light microscope (CX31 Olympus microscope, Tokyo, Japan) connected with digital camera (Canon).

2.5. Comet Assay (Single Cell Gel Electrophoresis) {#sec2.5}
--------------------------------------------------

Comet assay (single cell gel electrophoresis) is considered as a rapid, simple, visual, and sensitive technique to assess DNA fragmentation typical for toxic DNA damage and early stage of apoptosis \[[@B20], [@B21]\]. The comet assay was performed under alkaline conditions (PH \> 13) according to the method developed by Singh et al. and Tice et al. \[[@B22], [@B23]\]. Briefly, a small piece of brain tissues (*n* = 10) from each group were placed in 1 mL cold HBSS containing 20 mM EDTA (ethylenediaminetetraacetic acid)/10% DMSO (dimethylsulfoxide, Qualigens, CPW59). The tissues were minced into fine pieces and let settled. 5 *μ*L of aliquot was mixed with 70 *μ*L of 0.7% low melting point (LMP) agarose (Sigma, A9414). This agarose was prepared in Ca^2+^, Mg^2+^ free PBS (phosphate buffered saline, HiMedia, TS1006) at 37°C and placed on a microscope slide, which was already covered with a thin layer of 0.5% normal melting point (NMP) agarose (HiMedia.RM273). After cooling at 4°C for 5 min, slides were covered with a third layer of LMP agarose. After solidification at 4°C for 5 min, slides were immersed in freshly prepared cold lysis solution (2.5 M NaCl, 1 mM Na~2~EDTA, 10 mM tris base, pH 10, with 1% Triton X-100 and 10% DMSO added just before use) at 4°C for at least 1 h. Following lyses, slides were placed in a horizontal gel electrophoresis unit and incubated in fresh alkaline electrophoresis buffer (1 mM Na~2~EDTA, 300 mM NaOH, pH 13). Electrophoresis was conducted for 30 min at 24 V (\~0.74 V/cm) and 300 mA at 4°C. Then, the slides were immersed in neutralized buffer (0.4 MTris-HCl, pH 7.5) and gently washed three times for 5 min at 4°C. All the above procedures were performed under dimmed light to prevent the occurrence of additional DNA damage. Comets were visualized by 80 *μ*L, 1X ethidium bromide staining (Sigma E-8751) and examined at 400x magnification using a fluorescent microscope.

Comet 5 image analysis software developed by Kinetic Imaging, Ltd. (Liverpool, UK) linked to a CCD camera was used to assess the quantitative and qualitative extent of DNA damage in the cells by measuring the length of DNA migration and the percentage of migrated DNA. Finally, the program calculates tail moment. In all the samples, 100 cells were analyzed and classified into 5 types (0--4) depending on their tail moment. Type 0 represents the cells without visible damage, while cells of type 4 have total degradation of DNA (long, broad tail, and poorly visible head of the comet). Types 1, 2, and 3 represent the symptoms of increasing DNA damage. To calculate the extent of DNA damage, three types of the comet: numbers 2, 3, and 4 were selected.

2.6. Micronucleus Test {#sec2.6}
----------------------

Bone marrow slides for micronucleus assay from 10 newborn rats of each group were prepared and stained according to the method described by Schmidt \[[@B24]\] using the modifications of Agarwal and Chauhan \[[@B25]\]. Bone marrow was flushed out from tibias using 1 mL fetal calf serum and centrifuged at 2000 ×g for 10 min. The supernatant was discarded. Evenly spread bone marrow smears were stained using the May-Grunwald and Giemsa protocol. Slides were scored at a magnification of 1000x using light microscope (CX31 Olympus microscope, Tokyo, Japan). 2000 polychromatic erythrocytes per animal were scored, and the number of micronucleated polychromatic erythrocytes (MNPCE) was determined. In addition, the number of polychromatic erythrocytes (PCEs) was counted in fields that contained 100 cells (mature and immature) to determine the score of PCE and normochromatic erythrocytes (NCEs).

2.7. Mitotic Index Determination {#sec2.7}
--------------------------------

Slides were prepared according to the method described by Adler \[[@B26]\] with some modification. Briefly, 10 newborn rats (from control and exposed groups) were injected intraperitoneally (i.p.) with colchicine (2 mg/Kg) 2 hours prior to tissue sampling. Bone marrow cells were collected from the tibia by flushing in KCl (0.075 M, at 37°C) and incubated at 37°C for 25 min. Material was centrifuged at 2000 ×g for 10 min, and fixed in acetomethanol (acetic-acid : ethanol. 1 : 3, v/v). Centrifugation and fixation (in the cold) were repeated five times at an interval of 20 min. The material was resuspended in a small volume of the fixative, dropped onto chilled slides, lame dried, and stained the following day in 5% buffered Giemsa (pH 6.8). Slides were scored at a magnification of 1000x using light microscope (CX31 Olympus microscope, Tokyo, Japan). At least 1000 cells were examined for each rat and the number of dividing cells including late prophase and metaphase was determined. The mitotic activity is expressed by the mitotic index (MI), which is the number of dividing cells in 1000 cells per rat.

2.8. Statistical Analysis {#sec2.8}
-------------------------

All statistical analysis were executed by the aid of Statistical Package for the Social Science (SPSS) version 20. In order to compare between various variables (control and exposed), student *t*-test was used at *α* = 0.05, 0.01, 0.001, and 0.0001.

3. Results {#sec3}
==========

The measured malondialdehyde (MDA), glutathione (GSH), and super oxidedismutase (SOD) levels in brain cells of newborn rats for the two groups were listed in [Table 1](#tab1){ref-type="table"}. For exposed group when compared with control one, a significant increase in the MDA and SOD levels was observed (*P* \< 0.05). In contrast ELF-MF failed to alter GSH level.

Brain section of control group showed fibrillar matrix and normal vasculature. No necrodegenerative or atrophic changes appeared. Also, there are no vascular or inflammatory lesions with the absence of gliosis (i.e., no astroglial proliferation) Figures [2(a)](#fig2){ref-type="fig"} and [2(b)](#fig2){ref-type="fig"}. Meanwhile Figures [2(c)](#fig2){ref-type="fig"} and [2(d)](#fig2){ref-type="fig"} showed the brain section of exposed group revealing mild atrophy and degeneration within the glia. Moreover, reactive gliosis appeared accompanied by mild vascular congestion.

The levels of DNA damage in brain cells of exposed newborn rats showed a significant increase (*P* \< 0.01, 0.001, 0.0001) compared to control one ([Table 2](#tab2){ref-type="table"} and Figures [3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). For type (0) the data revealed that about 50% of brain cells did not exhibit any DNA damage in control group compared to 17% for exposed one. Meanwhile in type (4) about 6% of brain cells showed complete DNA damage in exposed group relative to 0% for control one. The total percent of DNA damage in brain cells represented by types (2, 3 and 4) showed two-fold increase for exposed group with respect to control one.

[Table 3](#tab3){ref-type="table"} and [Figure 5](#fig5){ref-type="fig"} showed the frequencies of MNPCE, PCE, and NCE in bone marrow cells of newborn rats for both control and exposed groups. The results showed a significant increase in the formation of PCE and MNPCE, respectively, (*P* \< 0.01 and *P* \< 0.001) for exposed group compared to control one.

The results of the mitotic index (used to evaluate cell cycle kinetics) are summarized in [Table 4](#tab4){ref-type="table"} and [Figure 6](#fig6){ref-type="fig"}. The results showed that MI of bone marrow cells exposed to ELF-MF was increased significantly compared to the control one (*P* \< 0.0001).

4. Discussion {#sec4}
=============

Health concerns about exposure to ELF-MF are particularly significant in children due to its potential harmful outcomes. It is generally accepted that ELF-MF is unable to transfer energy to cells in sufficient amounts that may cause direct cytotoxic and genotoxic effects. However, it is possible that certain cellular processes such as free radicals production and/or activity are altered by exposure to ELF-MF \[[@B27]\]. Thus, antioxidant activity, DNA damage, micronucleus induction, and cellular damage are probably induced by indirect mechanisms. In agreement with previous literature \[[@B28], [@B29]\], our results showed a significant increase in the main antioxidant enzymatic activities in the brain cells of exposed newborn rats which was considered as an evidence for occurrence of a physiological disturbance. Such increase of MDA and SOD levels means the presence of lipid peroxidation and oxidative stress. Accordingly, ELF-MF may induce oxygen free radicals which can evoke an interaction with membrane lipids, proteins, and nucleic acids leading to extensive tissue damage that was confirmed by histopathological examination ([Table 1](#tab1){ref-type="table"} and [Figure 2](#fig2){ref-type="fig"}).

The results emphasized that exposing newborn rats to ELF-MF significantly increases the number of cells with damaged DNA types (2, 3, and 4) compared to the control one (Figures [3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"} and [Table 2](#tab2){ref-type="table"}). This damage might be due to the excess of oxygen derived from free radicals. These findings are in consistent with Lai and Singh \[[@B3], [@B4]\] who hypothesized that magnetic field (60 Hz, 0.1, 0.25, and 0.5 mT, 24 hr exposure) could damage DNA by radical pairs mechanism that cause an increase in the number of single strand breaks in brain cells of the rat. Supportive to this hypothesis is their observation that DNA breaks were blocked by free radicals scavengers (melatonin and N-t-butyl-*α* phenylnitrone).

Free radical activity and DNA breaks may be considered as the main causes of the significant increase ([Table 3](#tab3){ref-type="table"} and [Figure 5](#fig5){ref-type="fig"}) in the micronucleus induction of newborn rats bone marrow, and similar results were previously reported \[[@B30], [@B31]\]. Also Lai and Singh \[[@B4], [@B32]\] reported that reactive oxygen species (ROS) interact with the spindle apparatus and cause micronucleus induction.

In the current study, the significant increase in mitotic index ([Table 4](#tab4){ref-type="table"} and [Figure 6](#fig6){ref-type="fig"}) measurements may be attributed to the enhancement effect of ELF-MF on Ca^++^ ions flux throughout the cell membrane \[[@B33]\].

5. Conclusion {#sec5}
=============

The current study showed that continuous exposure of newborn rats to 50 Hz and 0.5 mT MF for 30 days 24 h/day led to cytogenetic and genotoxic hazards. Our results strongly demonstrate that chronic exposure of newborn rats can induce serious DNA damage that may lead to genomic instability, leading to carcinogenesis. Future studies about the health risks of ELF-MFs should be extended to evaluate the other physiological disturbances that might occur due to daily environmental exposure.

The authors report no conflict of interests. The authors alone are responsible for the content and writing of the paper.

![Experimental setup of the exposure system.](JBB2012-716023.001){#fig1}

![Brain of control group (a and b). (a) The neuroepithelium (bold arrow) is of normal cellularity and architecture, with the supportive astroglial tissue (thin arrow) at ×100 (H and E). (b) The astro-glial tissue is of normal cellularity, showing pyramidal astro-glial cells, with indistinct cell boundaries, having fibrillary cytoplasmic processes (arrows) at ×400 (H and E). Brain of exposed group (c and d). (c) The field shows marked astro-glial hypercellularity (i.e., reactive gliosis) at ×200 (H and E). (d) The astro-glial tissue shows marked hypercellularity (i.e., secondary reactive gliosis), with a diffused vascular congestion (arrows) accompanied by extravasation of RBCs, as well as partial obliteration of lumen with thickened hypertrophied fibrous vessel wall (encircled) at ×300 (H and E).](JBB2012-716023.002){#fig2}

![Evaluation of DNA damage induced by 50 Hz and 0.5 mT MF for 30 days 24 h/day in the brain cells of newborn rats processed by comet assay. (a) represents cells without visible DNA damage type (0), (b) represents cells with symptom of increasing DNA damage types (1, 2, and 3), and (c) represents cells with a major DNA damage (type 4).](JBB2012-716023.003){#fig3}

![The level of DNA damage in brain cells of control newborn rats and those exposed to 50 Hz and 0.5 mT MF for 30 days 24 h/day. Assessed by comet assay. Mean ± S.E. (*P* \< 0.05).](JBB2012-716023.004){#fig4}

![Micronucleus induction, NCE, PCE, and MN-PCE, in bone marrow cells of control newborn rats and those exposed to 50 Hz and 0.5 mT MF for 30 days 24 h/day. Mean ± S.E. (*P* \< 0.01, 0.001) for PCE and MNPCE, respectively.](JBB2012-716023.005){#fig5}

![Mitotic index in bone marrow cells of control newborn rats and those exposed to 50 Hz and 0.5 mT MF for 30 days 24 h/day. Mean ± S.E. (*P* \< 0.001).](JBB2012-716023.006){#fig6}

###### 

The levels of MDA (*μ*mol/L), GSH (mg/dl) and SOD (U/g tissue) in the brain of control newborn rats and those exposed to 50 Hz 0.5 mT MF for 30 days 24 h/day. Each value was expressed as mean of 10 rats ± standard error.

  Parameters         Control group    Exposed group
  ------------------ ---------------- -------------------
  MDA (*μ*mol/L)     0.113 ± 0.017    0.302 ± 0.021\*
  GSH (mg/dl)        0.033 ± 0.003    0.030 ± 0.000
  SOD (U/g tissue)   182.33 ± 8.192   263.33 ± 12.019\*

\*Significant difference in comparison with the corresponding control at *α* = 0.05 (*P* \< 0.05).

###### 

DNA damage in the brain of newborn rats after whole body exposure to 50 Hz and 0.5 mT MF for 30 days 24 h/day, assessed by comet assay. Each value was expressed as mean of 10 rats ± standard error.

  Groups    Grade of damage                                                                        
  --------- ----------------- --------------- ----------------- ----------------- ---------------- -----------------
  Control   49.3 ± 0.67       28.7 ± 2.196    15.3 ± 0.33       6.7 ± 0.33        0                22 ± 0.57
  Exposed   17.3 ± 0.67\*\*   43.3 ± 2.31\*   19.7 ± 0.33\*\*   13.7 ± 0.88\*\*   6 ± 0.58\*\*\*   39.3 ± 1.76\*\*

^∗,∗∗,∗∗∗^Significant difference in comparison with the corresponding control at *α* = 0.01, 0.001, and 0.0001, respectively.

###### 

Micronucleus induction (MNPCE), PCE, and NCE in bone marrow cells of control newborn rats and those exposed to 50 Hz and 0.5 mT MF for 30 days 24 h/day. Each value was expressed as mean of 10 rats ± standard error.

  Groups    NCE/100          PCE/100          MNPCE/2000
  --------- ---------------- ---------------- ---------------
  Control   60.67 ± 1.53     39.33 ± 1.53     17.6 ± 0.58
  Exposed   56.33 ± 0.58\*   43.67 ± 0.58\*   72 ± 3.61\*\*

^∗,∗∗^Significant difference in comparison with the corresponding control at *α* = 0.01 and 0.001, respectively.

###### 

Mitotic index in bone marrow cells of control newborn rats and those exposed to 50 Hz and 0.5 mT MF for 30 days 24 h/day. Each value was expressed as mean of 10 rats ± standard error.

  --------- ---------------
  Group     MI/1000 cells
  Control   26 ± 3
  Exposed   65 ± 2.65\*
  --------- ---------------

\*Significant difference in comparison with the corresponding control at *α* = 0.0001.

[^1]: Academic Editor: Brynn Levy
